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P & INTRODUCTION
e

|0y This femthw-bisal xoport m‘m‘rssuerremtfﬁW
- mwﬂ%la\— ihs__&_-f_“anefaﬁv  Tssued by the Ceophvsice Research ™
Directorate of the Air Force Cambridge Researchk Cent>r-to-ob-
€.o¥ < r ¢ taindata concesmniag-the radiant intensity of the infrared eky

) .~ background and the amplitude of the sky gradient. Measurement

of the infrared sky background has been a more or less continucus

program since July 1953 and 2 continuous record of the work

accomplished can.be gleaned from a—pessgat-of the reports issuedJ

™ which are included in the reference list.; Fhedargest amount-of-
—Sdatebtaingd in the-overall program has been-taken-daring the

— pressent contract; AF19{604)-3473: Both the radiometric data and

| the gradient data w&l—-ﬁ discussed., The actual data have been

presented in Reports }{o 1, 2, and 3 preceding this final report

| 2 and tue discussions w&& based on those data.@ An empirical

' form has been worked out for the brightness taken at Key

P West, Floridz. in June 1959. It had been ho;:ied that the measurc-

ments at Key West might result in a mathe

tical model for sky
7 . brightness in the infrared. This might hgve been possible had
completely cloudless blue skies presented themselves for meas-
urement. This condition never occuryed; however, work has been
done with the data taken to result in /a fairly simple and possibly
quite useful equation that may proye, with further investigation
and consequent modification, to We more general than a mathe-
matical model applying only to/blue sky.

Gradient data is also dyscussed and some werk has been

done to determine the value# of the most likely gradi ents for blue
sky, clouds, and cloud e
for the infrared backgr

some considerations

es. A theoretical mathematical model
nd gradient is presented which includes
ncerning the spectrum expected viewing
the earth tackgroung from various altitudes. Some discussion
is included conceyz:g the use of gradieat data in the design of

# egquipment. (
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‘ This final report also inciudes a sumuo iry of the background

r‘.. investigct on work from its inception in 195! with the building of

g the instrumentation used to obtain the data. Some of the more im-

- portant phases of the work are discussed in some detail so that

k this report will bring most of the past work into one bound volume.
The theoretical mathematical model for the background gradient

F gives indications of areas for future measurement work and this

is discussed in the summary.
Contract AF19(60-)-3473 has been performec by the Infrared
Dep rtment of Ramo-Wooldridge, a Division of Thompson Ramo

r~ Wooldridge, Inc. Personnel directly connected with the perform-
R ance of this Coutract are:
i T.R.Whitney =~ Member Senior Staff Department Head
. G. F. Aroyan Member Senior Staff - Asst. Dept. Head
P.W.Shadle Member Technical Staff Group Head
= R, E. Eisele Member Technical Staff Project Head
N J.W.Fisk Member Technical Staff
] C.J. Somol Research Assistant
: s
" z
.




DISCUSSION OF KEY WEST BACKGROUND DATA

Tle data published in Reports No. 2 and 3 were taker at
Key West, Florida, in June 1959, as part of a measurement field
trip in cooperaiion w:th IRMP 59/60. The data was obtained with
a combined filter radi weter and gra‘lient meter, the design and
operation of which is ¢ “mpletely described in previous reports.
The calibrations and corrections used in reduction of the data are
included in the two reports (4) containing the tabulations. The
-arpuse in this section will be to summarize the Jata.

Key West is at 24° 34' latitude and 81° 45' longitude. It is
thus just north of the Tropic of Capricorn and well within the hur-
ricane belt. On June 21, the sun is at the highest elevation and
passes very close to zenith at noon solar time and also follows a
general East-West azimuth. The plot of sun ordinates with re-
spect to local standard time, Figure 1, shows that the path of the
sun does not vary more than 5 dcg:ces from this azimuth between
the hours of 10 a. m. and 3 p. m. and no more than 20 degrees
throughsthe course of the day. It was hoped that radiometric or
brightnees data taken on cloudless skies would, for this reason,
lend itself more easily to evaluation and lead to a simple function
for sky trightnees in the infrared, thus making conclusions more
general for the area. Simply becauvse of the location and the time
of year, the mixing of the air mass becomes quite turiulent and
leads to constant cloudiness, recurrent storms and brisk winds.
The data is indicative of these conditions and represents the ra-

diative character of the sky only for this location and time of yecar.

RADIOMETER DATA

Data taken June 16th and June 17th are for completely over-
cast skies which, to the eye, were completely gray and feature-
less. The sun porition was indicated by a large bright areza in the

the cloud cover due to heavy scattering. Total radiation under
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such conditions was :neasured using the bolometer with no spec-
tral filters in the system., The bolometer spectral range is limited
lby a sodiuma chloride window and represents a wavelength range from
0 to 16 microns. Polar plots, Figure 2 and 3, sum the data points.
The sun position is indicated by an asterisk and represents the mid-
point of the sun's travel through the course of the measurements.
About 30 minutes is required to gather the infermation for one

plot during which time the sun would have moved a total of 7.5
degrees. The two plots are quite siinilar with small local differ-
ences which are no doubt due to differences in thickness of cloud
cover. The energy levals in Figure 2 are slightly lower near the
suun than for Figure 3, and for an earlier time of day, but the dif-
ferences are not great and are no doubt due to changing conditions
in overcast. A low area is indicated in Figure 3 abcut 60 degrees
west of the sun position, but, since there is no indication of this

in the previcus day's run, the cause¢ again is probably differing
thickness in cloud cover. Since this spectral region includes the

8 to 12 micron "window", these differences may be due to warmer
and colder clond patches with the cooler areas being thicker. :'Thia
conjecture is more plausible under such conditions than to presume
the cause to be solely scattering in the short wavelength region
since the sky was visibly uniformly gray with consequent low illu-
mination levels as borne out by filter measurements in the near
infrared under the same conditions.

Figure 4 is a detailed plot of the overcast sky at 4. 25 mi-
crons. This information was ottained immediately following the
total radiation measurement in Figure 3, but no particular corre-
lation is indicated between the two plots. A much more uniform
o¢t of curves probably would have resulted had the spectral filter
been narrower. The filiter at 4.25 microns has a one micron
bandwidt? and consequently radiation is admitted on both sides of
the co, absorption band. Several high energy regions are indi-
cated on the diagra.m approximately 75 degrees from the sun and

an increasing gradient is: indicated in the southeast area dcwn to
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the horizon. The measurements in this direction were over water
which extended perhaps one-half mile and directly beyond this were
concra+s runways towards the end of the airstrip at Boca Chica
(Naval Air Station at Key West). Probably because of the inclem-
ent weather, there were no aircraft operating on either of these
two days. The total radiation map dces in a general way show a
high tendency in this same area. Several days later, June 23rd,
it was possible to obtain data on blue sky patches in a very cloudy
sky. Figure 5 presents this group of measurements for compari-
son with Figure 4. In general, the data are rather similar. The
t:ce sky observations do not show the details of the overcast sky
and the gradient i3 much more uniform. A general minimum area
can be seen at about 70 degrees from the sun. June 23rd was a
bright sunny day with many large, white, cumulus clouds. The
ambient temperature was 84° F on June 17th and 85° F on

June 23rd, but the sun was at a higher elevation fer the measure-
ments of the 23rd. The values at the horizon are higher than the
blackbody radiation at 4. 25 microns for the ambient 35° F which
is 140 y.w/crn2 - steradian .- micron. Again, this may be due to

radiation outside the CQ, absorption band.

Polar plots could bze presented for the other spectral regions
except that the details are so numerous that the plots are very dif-
ficult to prepare and, as a consequence, would be difficult to in-
ter_.ret. It is felt that a spectral plot showing highs, lows and
averages for the day give a much better general idea of the radia-
tion characteristics. This information is given for June 16th in
Figure 6 for heavy overcast. The average readings are shown
bracketed with a shaded area designated as '"measurement accu-
racy'. The measurement accuracy is taken as T 6% since both
the energy calibration ‘and the voltage calibration each repeat
within 2% and the data is read from the record probably within
2%.. Whenever the low values were read, a variation of about
i’Spw/cmz » steradian - micron was noticed over a 10 o 15

second zime duration. This has bzen aitributed to va:-iations in
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the background since it does not occur in the laboratory when
looking into the blackbody, nor is it periodic. Further, n2 cor-
relation between filter regions could be observed, i.e. the energy
level might be increasing slightly in one filter region while de-
creasing in another. Motion of the clouds may be the largest con-
tributing {acter although variations of this smal: amplitude could
be duc to many factors in the background. The variation has been
ivided to th¢ accuracy envelop. Average spectral data for June 17,
+ ) and 23 are given in Figures 7, & and 9. The measurements
taken June 19th are designated as "cloudy-bright" which means
that the sky was overcast but clearing with a consequent increase

in the brightness. The 23rd was quite cloudy with patches of blue

sky showing all over which gave the sky a mottled appearance.

All data for this day are for blue sky under this condition.

GRADIENT DATA

The gradient data has been scorted into three general classi-
fications: (1) Blue Sky, {2) Clouds, and (3) Clouds and Sky.
Those for blue sky are for blue patches of sky under very bright
cloudy sky conditions. It is indicative of the conditions at Key
West in June that only 90 such measurements could be made dur-
ing the whole measurerment period. Since a 6 degree scanning
circle was used to develop the background function, patches of
sky smaller than 10 or 12 degrees were ignored because of the
possibility of inadvertently including clouds in the field. To en-
hance the usefulness of the gradient data, each classification was
sorted to determine the probable amplitude occurrence at particu-
lar frequgncies. Histograms were construcied for ten-space fre-
quencies from 3 to 150 waves per radian. From these, probabil-

ity curves were developed and 95% distribution limits were

determined. As an examnple, Figure 10 shows how the measured

amplitudes for 3 waves per radian were distributed for the blue

sky data. Figure 11 is a photograph showing the distributions
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for clouds erected on a frequency-amplitude chart. This treat-
ment of gradient data provides 95% distribution lirnit charts for
the three general classifications. Figures 12, 13, and 14 repre-
sent the complete statistical summary of the sky gradient in the
lead sulfide region for Key West during the month of Jure. These
charts include all positional points measured and for this reason
are completely general. These charts are presented with the
erergy ordinate squared and are; therefore, the one dimensional
power spectra for the three sky conditions. The center solid line
is the peak of the probability curves with the upper and lower
solid lines determining the upper and lower limits between which
95% of the total number of measurements lie. Dashed lines of
various slopes are included for comparisgson. Similar measure-
ments made from Mt. Wilson in 1956 showed similar character-
istics with the power spectra running slopes to -3.

Because secondary peaks regularly appear in the probabil-
ity curves for clouds, these are presented in Figures 15, 16, and
17. A definite trend to a secondary slope at higher amplitude
levels is indicated for the cloud measurements. No explanation
of this is attempted here except to point out that the classification
"Clouds® is quite general and further breakdown of this classifi-
cation into cloud types might reveal more detailed trends.

At times, gradients were measured on the blue sky to look
for trends from horizon to zenith for one sun position. No sig-
nificant trend was observed. Figures 18 and 19 can be considered
as representative of this type of data. Figure 18 shows the spectra
observed for different elevations for the azimuth plane nearly at
right angles to the plane of the sun, while Figure 19 gives similar
information for the azimuth plane of the sun.
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t Sky, June 16, 1959, Key West, 0-16 Microns

Figure 2. Overcas
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Figure 18. Individual Spectra for Blue Sky for the Aximuth Plane
Perpendicular to the Sun Azimuth Plane.
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| r INITIAL CONSIDERATIONS UNDERLYING
A MODEL
P
One of the stated objectives of the Key West measurement
o field trip was to obtain data which might produce a rmathematical
, model for sky brightness. What might be classed as a'rigorous
, mathematical model did not culminate fromthesc data. Sky con-
~ ditions were widely variant and cloudless sky did not exist during
the whole period. Nevertheless, a great amount of effort has been
- applied to make a baginning attempt and future effort possibly will
! resilt in a usable practical model for the infrared sky background.
™ This section of the report discusses, in general fashion, the basic
. - considerations underlying the description of a model. The next
i — section describes some effort to fit the sky brightness values with
" simple expressions empirically.
Figure 20 depicts a simple model of the sarth and its atmos -
r‘ phere. The atmosphere consists of a mixture of permanent gases
that exist at a fixed percentage of the total and other gases whose
H presence is highly variable. The accompanying table summarizes
the compeosition of the atmosphere, neglecting those gases which
~ are present in only small amounts.
Table I -
L . Constituent Per Cent
z j Nitrogen 78
i 3 :n?:g Oxygen 21
1.
- e f Carboin Dioxide 0.033
e g
) :x J Argon | 0.93
v )
: g | Water Vapor 0-2
g b
a | Ozone 0-.07 p.p.m.
_ b s (ground level)
1 1-3 p. p.m. (20-30 KM)
F >
- 27 5
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Throughout the troposphere and the stratosphere the perma-
nent gases exist at nearly the same percentage, whereas the water
vapor content shows a rapid falloff with increasing height. Although
water vapor is generally less than two percent of the atmosphere,
it absorbs about six times as much solar radiant energy as all the
other gases, and also accounts for almost all the absorption of the
earth's radiation.

In addition there are a variety of particles suspended in the
atmosphere, which comprise the atmospheric aerosol. Most im-
portant are the water droplets and ice crystals of clouds. Other
particies include dust, smoke, sea salt particles, and minute or-
ganisms such .s pollen, spores, bacteria, etc.

The next table indicates the depletion znd absorption of inci-
dent solar energy under clear skies and cloudy skies, as well as

the mean conditions. (The average cloud cover of the earth is 52

percent.)
Table II
Clear Skies Per Cent
Atmospheric Scattering 9%
Surface Reflection _ 6%
Total 15%
Absorption by Water Vapor ‘ 13%
Absorption by the Other Constituents 3%
Total 16%
Total Depletion 31%
Total Absorption 69%
Overcast Skies
Reflection and Backscattering 55%
Absorption ' 10%
Total Depletion 65%
Total Absorption 35%

28 .




]

i

[ e
i

',-«.mw'j
o

Al

Table II (Cont'd.)

Mean Conditions | Per Cent
Abscrbed through clear skies 33%
(- 43 x . 69)
Absorbed unde: cloud cover 18%
(.52 .35)
Total Incident Energy Absorbed 51%

As far as best observations indicate, the surface of the
earth is not undergcing a change in temperature. Thercfore, there
must be a balance between incident energy and outgoing energy.

In the unoccluded portions of the earth, radiation is transmitted
through atmospheric ''windows'' and - in the bands of water vapor
and carbon dioxide absorption - energy is radiated to space as
blackbody radiation at the temperature of the stratosphere. When
the sky is overcast the only emission is at the blackbody tempera-
ture of the stratosphere. It is known that these effects vary over
the surface of the earth, with season, latitude, region, time, etc.
As a simplification of an extremely complex process, the earth
will b\ assumed to be uniform, i. e., each area will be assurned
identical with equal probability of being occluded. The next table
present; a summary of the earth-atmosphere-solar radiation heat
balance. It is assumed that 100 units of radiation are incident

(3)

upon the atmosphere.

SOLAR (Space) BALANCE

IN OUT
100 units Solar Radiation scattered upward 9
Reflected Solar Radiation 27
Emitted Radiation from Absorbing 47

Transparent Region

Emission from the Earthia the 17
Transparent Region 100
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EARTH SURFACE BALANCE

IN ouT
Direct Solar Radiation 32 Emission from the earth in 120
atmospheric absorption
regions.
Solar Radiation scattered 19 Heat carried to the atmos - 23
downward. phere in the hydrological
cycle.
Infrared emisgion from the 106 Emission from the 2arth in 17
atmosphere. transparent regions.
Heat transported down by 3

eddy currents.

160 160

ATMOSPHERIC BALANCE

IN ouT

Earth emission in absorbing 120 Infrared emission to space. 47
regions

Heat carried to the atmos- 23 Infrared emission to the 106

phere in the hydrological earth.

cycle.

Solar radiation absorbed. 13 Heat transported downward 3
___ by eddy currents. -
156 156

The foregoing relations delineate the gross phenomena of the

model. Subsequent paragraphs will discuss in deiail some

Q

£ the

important processes.

ABSORPTION

Figure 21 presents typical absorption spectra of the gases
important in the absorption process of the atmosphere. (The scales
are in terms of transmission; the upper limit being 100 percent trans-
mission, the lower limit 0 percent transmission or total absorption. )
The solar spectrum is included as a reference. It can be seen that
the product of the three transmission curves for the gases considered

closely approximates the solar spectrum, indicating that they are

30 .
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the only gases that need be considered in a simple model. The

> ——m——

.

model indicates that in the lower atmosphere cnly water vapor and

]

»
[l

carboxn dioxide need be considered, and that ozcne is the first gas

to effect solar radiation. Since the concentration of ozone is very

C oy

low at low altitudes, and only one percent of the atmosphere lies
above the ozone band, these approximations should not introduce
. significant errors. In the region between the earth and tiie ozone
band, the role of carbon dioxide becomes more important with in-
creasing altitude. Near ground level, as has been indicated, water
vapor accounts for the majority of the absorption, however, its
- concentration falls off rapidly with altitude, whereas the partial
pressure of carbon dioxide relative to the total pressure is essen-
tially constant.
; Howard, Burch, and Williams( 6) discuss the problem of
absorption by water vapor and carbon dicxide in considerable detail.
: After a series of measurements of the absorption of these gases at
‘ various pressures and with various path lengths, it was found that
two types of empirical relationships were sufficient to represent the

total absorption of any band in the 0.9p to 15u region:

1/2
jAvdv = cw / P+ p)k (weak absorption bands)
= J‘Avdv =C+Dlogyg w+Klogo(P + p) (strong absorption bands)

where ﬁvdv = the total absorption of a band

w = total absorber concentration (atom-cm for CO
pPr. cm for HZO)

2
P = the total pressure
p = the partial pressure of the absorber.
¢, k, C, D, K, =constants for a given band.
The reference contains tubulations of che constants in the above
relationships. For a particular absorption band, there is a value of
total absorptioi. below which the ''weak'' relationship holds, and above

which the ''strong'’ relationship is applicable.

31 :
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There have been two simple theoretical models created to
explain the cbserved absorptions by water vapor and carbon dioxide;
the Elsasser Model and the Goody Model. It has long been realized
that a spectral 'line'' must have some finite width because of brecaden-
ing. For HZO and COZ’ under the temperature and pressure of the
lower atmosphere, the finite widths of the spectral lines are du': to
molecular cellisions. For a Lorentz-shaped line, which is the
shape appropriate to the model atmosphere, the absorption coeffi-

cient, kv is:

kv=—s- az y)
T (v-vo) +a

where S = line strength
a = half width at maximum
v = frequency

v, = center frequency

The line intensity S, is essentially independent of temperature

and o is 2 function of temperature, T, and pressure, P.

T
a:QOL =G
P NT

where the subscript refers to the values at standard conditions.

The detailed structure of a COZ band is a fairly regular,
approximately ev:nly spaced, sequence of absorption lines, where
adjacent lines have nearly equal intensity. In contrast, an HZO
band consists of many irregularly spaced lines of very unequal
intensities.

Elsasser treated the case of an idealized band consisting of
an infinite number of equally intense, equidistant Liorentz-shaped

lines. For this case the absorption coefficient - assuming lines at
+,. + .
v = 0. “zd. "4d' ~== 18

kLT P,
.
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kv = E S az y)
ne?n T (v-nd) +a

Letting ‘ as Ll and b= Zna
d d
kv = S sinh b

d coshb -cos a

If the incident energy is constant throughout the spectrum, the

absorption A, is:

1 - e-k(a)w) da

1f the line spacirg, d, is large compared to the half-width, ¢, then:

Sb
kv = k@) = ———m37
2d sin“(3)
and A = erf ﬂ_S(zz;_vy_ where erf(x) = k) S et at
\ d LAV
N
The average absorption is A = erf\-l-lv where { = ﬁ'.g.’i
2 d

For a frequency interval which contains several approximately
equally intense, equidistant lines, where there is no absorption at

the center of the band from lines outside the interval:

1 w
Ac = erf\- o
2

The absorption bands of COz are sufficiently regular to satisfy

the requirements. Thus the Elsasser model should apply to COZ'
Experiments have demonstrated that there is goocC agreement be-

tween measured and predicted absorption.

33




Goody developed a statistical or random model for a disordered
- band, which has been shown to fit HZO absorption quite well. He
considers the fractional transmission at the center of a frequency
- interval nS wide where n is the number of lines ¢f Lorentz shape
i - in the interval, and 6 the mean line spacing. The line spacings

are assumed to be random, and the line intensities which are un-

} i - correlated with position, are assumed to foliow the distribution
law P(S) =(1/o)(e‘5/°-)
r.‘ With these assumptions, it is possible to show that the trans-
o mission at the center 'frequéncy of a thickness w of absorbing gas
m is:
, 5
‘ -w(a
- T(a,w_) = exp r AL - ]
b G ¢ w0d,1/2
L l8(a + 2E,)
5 "—: Howard, Burch, and Williams chose to represent the variation of
' 0 over a band by the relation 0= k,’wo. Then, letting 8 = k/&
§ m and y = k/ra
: w
B = T = exp|- = exp| - —
: 6( (w7w )1/4 [+ (w/w J ililz
L Values of the parameters 8 and y were determined from experi-
: mental data, and a final result obtained.
P M 1.97 w/w
: T =exp |- 0 172
| [t +6.57 wiw | _]
— o

where v, is absorber concentration required to drop the trans-
mission to 50 percent at a given frequency. This relation was

found to fit all the HZO bands considered in the referenced report.

34
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SCATTERING

In addition to absorpticn by the atmospheric gases, energy
incident upon the unoccluded atmosphere is scattered by the air
molecules and by the atmospheric aercsol.

For 'clear' air, i.e., assuming that there are no clouds or
haze particles present, the Rayleigh theory of scattering by air
molecules as extended by Tousey and Hulburt( N can be used to
calculate the amount of both primary and multiply scattered energy
reaching an observer. Bacause the referenced report contains an
extensive development of the theory, it will only be summarized

here. Their notation is as follows:

L, the zenith angle of the sun.
. §, the zenith angle of observation

g, the scattering angle.

oW N

Z, projection of § in the horizontal plane.
cos § =cos L cos &+ 8in§ cos Z

5. i

o\’ intensity of sunlight outside the atmosphere as a

function of wavelength, A\
6. &, the polarization defect - the ratio of the weak to the
strong polarized component of sky light at @ = w/2
(It is assumed to have the value § = 0. 04
7. r, diffuse earth reflectivity (abedo). (An average val:
value of 0. 20 is assumed for model earth)
8. pk.index of refraction for air - function of wavelength.
9. n, the molecular density of the clear atmosphere (mole-
¥  cules/ cm3)
10. x, thickness of the atmosphere above the point of obser-
v:;tion, reduced to NTP.

Scattered light reaching an observer conaists of light s>cat,tered

directly (primary scattering) and light which is scattered more than
once (mulitple scattefing). The total observed is the sum of the
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primary scattered, i_., and the multiply scattered, i

’ light-
PA mh
In the infrared at wavelengths outside the ozone absorption band
(9. 6K), the expressions are somewhat less complicated than in the

original statemeat. The total scattered intensity is it N

ltk- M+ 1m)‘
3 F*‘H‘g—“’%
i ,=—1i__ exp(-pB, secl)
PN 4, ©OM A 341-0
T+0
e~ Byx;8ect _ =By x sec§

1 -seclcost

=1 . o-Byx.8ect
i 8“(a+b+b) 1-e A%

where 3k = modified Rayleigh scattering coefficient.
_81;3 ﬂ“xq E(us) E 1 -8
= 4 4+ ——
3 L'”‘ - 16 146

(1+gt) (c - ¢cx) -gxi(c-cT+T).|

- -

intensity of multiply scattered beam moving downward at

i
bi = Ohcosl [Zl+gt) (c-cx+x)-(gxi+~r') (c-cT+T]
1+ gt

intensity of mulitply scattered beam moving upward at

o
n

intensity of multiply scattered beam moving upward at

top of the atmosphere.

g=(1-r)(1- ﬂ)ﬁ)‘ (n = 1/2 for Rayleigh atmosphere)
c=1n+(1-m)cosl

- e-ﬁkx secl

T = e'ﬁxt sec (t = total thickness of atmosphere at NTP)
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Because of the cosZ ¢ term, the scattering should be maximum
in the direction of the incident light (§ = O°) and in the opposite
direction (¢ = 180°) and a minimum in the plane at right angles to
the inci:dent light (§ = 900). The polarization of the light should be
complete in this plane and zero at § = 0°, ¢ = 180°. In practice -
because of multiple scattering, the polarization will be more com-
plicated. The attenuation coefficient for pure air has a theoretical
value of B = 0.0126/km However, when theoretical predictions
were compared with values measured above 10, 000 feet, it was
found that 8 had to be increased to B = 0.017 /km to get good agree-
ment. Below 10,000 feet scattering by dust, larger haze particles,
etc., was so large as to make the assumption of a Rayleigh atmons -
phere unwarranted. The fact that 8 had to be increased from the
pure air value indicates that there are a significant number of
haze particles at higher altitudes. However, a comparison between
measured values and values calculated with 8 = 0.017 /km (presented
in the reference), shows that the correction is sufficient to enable
the theory to give useful results.

In the region below 10,000 feet the most significant contribution
to scattering is due to the particles of the atmospheric aerosol. The
scattering of incident light by the particles of the aerosol depends
upon their size, number, index of refraction, and the wavelength
of the light. The most important class of particles is liquid droplets.
As far as is known, the only possible mechanism for the creation
of liquid droplets from water vapor depends upon the presence of
condensation nuclei. The decrease in visibility when the relative
humidity exceeds about 70 percent indicates that these nuclei are
hygroscopic. Measurements by Junge( 8) indicate that the distri-

bution of nuclei sizes follows this law.
N = K/R>
where N = number of particles per unit volume

K
R

constant

particle radius.
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This law appears to be valid in the region R = 0.05a to R = 10u.
The maximum particle concentration lies between 0. 01p and 0. O5u;
for smaller R the distribution decreaces rapidly with decreasing
radius. On the average, the law applies over the earth's surface.
The condensation nuclei grow by condensing water on the surface.
As the droplet grows the solution concentration decreages and the
index of refraction changes. Since there iz a wide range of possible
particle sizes, particle scattering can vary widely.

The original solution of the problem of scattering by spherical
particles is due to Mie. Considering scattering alone, the expression
for the transmission of light follows an exponential law:

T=e-Ax

where T = transmission
A = scattering coefficient
X = path length

Using the techniques of classical electromagnetic theory, Mie

rhowed that the scattering coefficient could be expressed as:
A=w :rZ NK

where r = particle radius

number of partic:les/cm3

n
K

the scattering area ratic

The number K relates the effective scattering ratio to the
geometrical cross sectional area. It is a function of the index of
refraction of the particle and the ratio of particle radius to wave-
length. Figure 22 is a detailed graph of the variation of K with
the parameter a = 2rr/\ for a pure water droplet (m = 1. 33).
Figure 23 presents K for several values of the index of refraction.
(m 1.55 corresponds to dry salt, which is believed to be the most
important condensation nucleus.) The curves for any value of m
tend to K = 2 with large @ For low values of @, corresponding to
smail particles, the curves follow a A4 law; i. e., the Mie theory

reduces to the Rayleigh scattering law for small particles.

) J
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References 9 and 10 discuss the problem of scattering by
a natural haze. Wavelengths investigated ranged from the visible
(0. 61p) to the infrared (11. 481). Measurements showed that the
nuclei which caused attenuation of visible radiation also caused
attenuation at infrared wave lengths. According to Gebbie most of
the haze droplets have radii in the range 0. m to 0. bu; he assumes
the distribution function of the radii is of the form exp - k(! - r/,rc,)2
where T, is the most probable radius {(about 0. 4u). Thus the size
parameter, @, of most particles in a natural haze for visible and
longer wavelengths is less than 6. Qualitatively the attenuation by
scattering of haz» can be explained by the Mie theory. The scat-
tering coefficient, a function of K, has a peak value near 0. 61
and decreases as shown in Figure 22 with increasing wavelength;
thus, in a haze, infrared radiation should be less affected than
visible radiation and long wavelengths should be scattered according
to Raylsigh's law - which corresponds to observations. Exact
calculations are impossible because of the lack of extensive data
on the size, distribution, and characteristics of the scattering
pacticles.

The straight line in Figure 23 represents an attempt by
Gibbons(io)

scattering coefficient of natural haze. (The curve must lie between

to obtain a simple approximate expression for the

the curves for dry salt and pure water as thoce curves represent
the limiting values for natural droplets.) Over the range of a
which is appropriate for the size of particles involved, the approxi-
mation for Kis K =0.9 ¢=0.6. In general, the scattering coeffi-
cient O’1 for the ith type particle, of which there are n, per unit
volume, is

g. :wr.zN.K.
i i iTd
Ki '\-ai - 0.67

0.~ (2nr./ A - 0.67/\)
i i o
Considering the entire haze:
n n
0= ; g, ~ (2mr./\) - n (0. 67/2,)
i=1 i=1
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From this relation it a&pears that a relation of the type
0= cxn where ~1<n <0wou1d‘\_\be aprropriate for vravelengths less
than 4u, Gibbons determined dgat the value N = -0.7 gave a good
fit to Gebbie's data over the entire range of measurements - even
though n elouid be positive for \arger wavelengths. Therefore

scattering by natural haze can be agsumed to follow the law:

T = ~xk/y.0.7

the Rayleigh scattering law for longer wavelengths.

fcr X from visible to 10u, and follow

Mie Theory can also give a qualitive explanation for the
attenuation by fog. The distribution of particle sizes in a fog has
a form similar to that of haze particles, except that there are many
more large drops-radii in the order of 2 to 7Tu. This means that
there are many more particles with size parameter, @, relatively
large. Examining the curves for K, one sees that the scaftering,
coefficient will be appreciable for wavelengths up to 40 or 50u.
Droplets in clouds and in rain are still larger so that infrared
energy will suffer almost neutral extinction; i. e., for infrared
wavelengths K will be approximately constant (= 2), so that scat-
tering will be complete for short paths. Figure 24 presents the
scattering distribution for a relatively large spherical particle.
The predominance of scattering in the forward direction is called
the Mie eff ct. It has besz:. found that this effect increases with
increasing q.

s

CLGCUDS

Clouds play an imposrtant role in the determination of the
background. For this reason they are conaidered separately, even
though they are only special cases of the processes already con-
sidered. Low and middle altitude clouds are made up of water
droplets; high clouds consist of ice cryr+als. Because of the R'3
relation discovered i)y J'unge( 8) the most important nuclei which
act as condensation centers are those with radii 0. {p to 1. Op.

These nuclei arise from two main sources. Over the ocean salt
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particles produced by the wave motion of the sea, and particles
produced by combustion processes, dust storms, and volcanic
acticn on land. Those nuclei produced on land ure initially small,
but grow by coagulation to the observed =ize. In the troposphere,
there are always enough nuclei present so that condensation will
occnr near the point of water saturation. The growth rate of a
droplet dR/dt is inversely proportional to the size of the droplet.
Thus, even though there may be a considerable variance in the
initial size of the nuclei in an air mass which rises in an updraft,
the cumulus cloud which forms will contain a narrower spectrum

of droplet sizes. However, as the cloud continues to grow, there
will be a broadening of the spectrum due to ccalescence. Reference 8
presents severaltheories which attempt the mecnanism of coales-
cence, but the process is not well defined. Stratus clouds, formed
when a layer of air is cooled without vertical movement, display
the same type of spe:trum broadening with time. Figure 25 pre-
sents droplet spectra for various types of low and middle altitude
clouds. After a stratus cloud has grown to a few hundred meters

in thickness it will start to drizzle. Because of their continual
development, it iz impossible to consider these clouds to be any
given state; rather, each is part of a process. For this reason it

is impossible to obtain an exact representation in the model of these
clouds. They will be considered only in the gross sease initially
described; their mechanisis of scattering and absorbing are special
cases of the theories discussed above.

In contrast, the high level clouds - those which appear above
20,000 feei, can be considered tc be in a relatively stationary state.
These clouds are classed as cirrus - which includes the cirrostratus
and cirrocumulus, inacreous, and noctilucent. Only a very limited
amount of inforn ation, gathered by aircraft penctrations, is avail-
able about them. ~[h2 accompanying table summarizes the char-

acteristics of cirrus clouds.

- 414 .




A

B

Cirrostratus Cirrocumulus
Particle Ice Crystal, possibly a few Ice crystal, probably
water drops. some water drops.
Shape Single well formed column Bundles of incompletely
or twin crystal. {ormed columns.
Size 100p long, 40k wide 200-300u long,
50-100n wide
Particle Concen. - 10° - 10%/m3 10 - 107 /m3
tration
Water Content 0.01 g/m3 0.1 -0.4 g/m3
IR Transmission
Per meter 0.992 - 0.9992 0.53 -0.98
Per 100 meters 0.46 - 0.92 0 -0.09
Per 1000 meters 0. 0005 - 0. 46 0

Cirrostratus is the more prevalent iype of cirrus cloud,
appearing over wide areas preceding storms. Cirrocumulus may
appear with cirrostratus and sometimes with thunderstorms. The
altitude and thickness of these clouds is a function of season and
latitude. For the purposes of the model average values will be
taken. The average altiivde i3 32,000 feet; the average thickness
is 2700 feet; they occur about 15 percent of the time.

Nacreous clouds appear in the arctic region at altitudes of
21 to 30 km. Their frequency of occirrence is quite low, and their
infrared transmission probably quite high. Noctilucent clouds appear
only rarely. The most recent data indicates that they appear at an
average neight of 83 km over high latitudes: 45° - 71°N. Their
transmission is probably high. In the model these two types of
clouds will be neglected; cirrus clouds will be assumed to be the

only high clouds of significance.
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OBSERVED BACKGROUND RADIATION

The following table summarizes the sources which contribute

radiation to both daytime and night time backgrounds:

Radiation Sources

Daytime Background

i. Scattered radiation (both primary

and multiple). from the sun.

2. Sclar radiation reflected directly
to an observer by the earth or
clouds.

3. Atmospheric emnission.and earth
emission (for simplicity the

earth is asaumed uniform).

43

Night Time Background

Radiation from celestial bodies
other than the sun. Assumed
negligible for simnbliciiy.
Emission by clouds and the

atmosphere.

Emission from the earth
which is assumed to be a
uniform source; i. e.,
scattered intense sources are
assumed to average out cver

the surface.
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Figure 22. Effective Scattering Ratio to Geometrical Cross-Sectional Area.
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EMPIRICAL CONSIDERATIONS FOR A
BRIGHTNESS MODEL

Delineated in the previous section is a general broad outline
of the aeverél processes which affect the infrared background. To
formulate a completely general mathematical model even for the
region of the spectrum from 1-10 microns represents a highly am-
bitious project. To be accurate, such a model would no doubt be
complex. If it is to be more than a concept, and thus produce real
numbers, severe burdens in labor and time may be imposed in its
solution for specific problems. In many cases this is not justified
by the requirements and a reasonable approximation is all that may
be required. The purpose here is to present an expression of pro-
portionality that may be developed into a reasonable approximation
of the sky brightness function. Such ah expression, because of its
simplicity, must necessarily ignore the many causes of variations
in the background and must be judged on the merits of its general
or average accuracy. While the data taken at Key West has been
used to make the approximations, the formula cannot be made to
match at every point. In fact, the formula can only be made to
approximate an average for most of the data. It must be remembered
that the backgrounds measured at Key West were highly complex in
their nature and are not themselves representative of average back-
grounds. Measurements fo a blue cloudless sky are required to
make a beginning in this direction 2:: it is hoped that the propor-
tionality will be tested against such .neasurements. Investigation
could then be made as to the best manner of adjustment for changing
conditions.

Upon examination of background measurements, there are
some trends that always occur. The energy received by a measur-
ing radiometer is generated by two sources, the earth and the sun.
The energy in the {ield of view is propagated along the line of sight
modified by the complex processes of primary and higher order
scattering, absorption, reflection, refraction, diffractior. and

emission. In general, however, sgectral measurements(”' 18)
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of the background characteristically show two sources of radiation,

1) nearly ambient temperature radiation (earth) and 2) high tem-

perature radiation (sun). Some of th2 low temperature radiation is

due in part to atmosphezr.c constituents absorbing high temperature

solar radiation and in turn re-emitting as a low temperature source. ‘

Measurements made in terms of elevation and azimuth of the
observed point also show certain general characteristics, It is
noticed that the radiance emitted by clear sky is higher near the [
horizon than anywhere else and decreases with elevation. Again,
when one measures the sky towards the sun, the radiation levels
ircrease rapidly closer to the sun. Bennett, Bennett and Nagle(w)
show that the measured radiance at the horizon is closely that from
a blackbody at approximately ambient temperature.

Depending upon the position of the sun. there would be addi-
tionally an increase at shorter wavelengths (1-3p) due to increased
back-scattering from the denser air mass as one measures closer
to the horizon. This occurs when the sun is behind the observer
so that the cbserved point is at a large angle with the sun which is
primarMy in early morning and late afternoon hours. A further
condition exists due to polarization. (21) A minimum is expected
at 90° from the sun but this is usually found tc be shifted towards
the zenith. Similar trends can be noted in the Polar Plots presented
in the first part of this report, even though the sky is overcast ou.
at best, highly clouded, and the trends can be due to other causer.

A plot of elevation with constant azimuth for the overcast sky shows
the radiation levels near the horizon to be c.ose to the blackbody
levels at ambient temperature, but with increasing levels encountered
with elevation angle 1n some cases due no doubt to change in tempera-
ture of the cloud cover, or diffcrences in ambient temperature at
higher altitudes. This would be apparent in total radiation measure-
ments that cover a broad spectral range as thz=e do, 0-16u. For

the 4. 25 micron region, if the data shown in Figure 4 is smoothed

to remove some of ithe detail, it would appear as in Figure 26. No
minimum is observed dve to polarization but the trend of decrcase
with elevation fro:ii the horizon and increase toward the sun can be

noted. .
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In Figure 5, which is for blue sky of June 23rd, a minimum
iz noted approximately 60° from the sun and the usual decrease
from horizon and increase toward sun as well. It will be repeated
here that these affects probably would not be so apparent except
for the fact that the filter used to make the measurements has a
bandwidth from 3.75 to 4.75 microns and consequently admits
radiation cuteide of the CC)Z absorption region. These effects noté:i_
are probably due more to this radiation than to CO2 emission. ,

To attempt a computation which would construct these polar
diagrams synthetically, two general shaping functions have been
chosen, one to represent the family of curves originating from tte
sun position and the other to represent the family of curves origi-
nating at the horizon. The.gum of these two functions would then
represent a proportionality which, when used with suitable constants,
might approach the actual radiation measurements of the sky. Sim-
plicity must also be the keyaote for such functions or their useful -
ness is completely nulled. Since they are approximations only, a
great deal of tin:e [or computing should not be required.

For sever.. pieces of data at Key West, the family of circles

originating with the horizon can be approximated by

. -0.5
( z+slne> (1)
2

Where O is the elevation angle, at any azimuth, measured
from the horizon.

For the same pieces of data, the family of cixrcles originating
with the sun can be approximated by

1/2

1 - Sin 0 (2)

Where § is the angle between the sun and the observed point

measured from the observer's station. Figure 27 is an illustraticn

in point for the 0-16 micron region for two days. These functions
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were used to compute the same points mecasured and published in
table form in Repc.:t No. 3 for this contract. 4 The original data,
the computation results, and the percentage differencec are pre-
sented in Tables III, IV, and V, and polar piots have been made
from the computations to compare with the data plots. Figures 28,
29, and 30 are the computed diagrams to be compared with Figures
2, 3, and 5, respectively.

The equation was written as follows:

/ . \-0.5
N = [N + . 12N &+ Sin © +N_
a sxi-xz 2 A, -\

where Nb is the radiance of the backgreound, Na ‘s the radiance
due to ambient temperature and Ns iz the radiance due to the sun.
Since it is not possible at this time to present a finished
formula from the Key West data, but only to establish a proportion-~
ality, numbers were chosen for Na and Ns to fit the data. Na
was taken as the blackbody radiance for ambient temperature for
the wavelength region under consideration and this works out very
well.- In a sky completely overcast with clouds, it would be almost
impossible, without either measurement or extended analysis, to
choose a value for Ns' The 0-16 micron region contains almost
all of the radiation for biackbody of 5500°C which is the equivalent
for the sun, A great deal of this radiation wouild be lost due to
backscattering »nd reflecticn from the top of the cloud cover. In
turn, a large amount would be absorbed and re-radjated with ambient
temperature distribution. There would be still {furti.er attenuation
due to high relative humidity at ground level. It was evident that
visible illumination was extremely low on Jure {6 and 17. N_ was
taken as 4. 45 x 10% p.w/crnz. steradian for the 0-16 micronb:egion

and 178 uw,/cmz. steradian. micron for thc 4, 25 micron region.
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To Na was added 12 percent of N8 as a coefficient for {(5
because higher order scattering causes bright eky along the hori-
zon resulting in uniform intensity with respect to azimuth, L2t}
and for the present is assumed to be a function of elevation from
the horizon. Theae values were chosen to suit the 0-16 micron
data for June 16th. Table III gives the observed values made dur-
ing the field trip, and below these values, computed with equation (3).
The percentage error has been obtained simply by taking the dif-
ference between observed and computed values and dividing by the
observed value. Whether the error is plus or minus indicates the
computation was high or low. For the 25 observed points, there
are {4 minus values and {i plus values with a median around -2
percent. The highest deviation was plus 22 percent and the lowest
was minus 35 percent. Figure 28 is a polar plot of the computation
and is to be compared with the plot of the actual data, Figure 2.

The same values for Na and Ns were used to repeat this
procedure for the 0-16 micron region for the following day. The
results are shown in Table IV and the computation is plotted in
Figure 29 to be compared with the actual data plot of Figure 3.
Here the computation is a little on the high side with a median of
plus 14 percent. A very small downward revision of N’5 would
have corrected this since June 17th was darker than June 16th.

Tahle V and Figure 30 are the results for the 4. 25 region
giving a median error of pius 1-1/2 percent with more than 1/2
the values being on the plus side. These are to be compared with
the actual data plot of Figure 5. A computation was made but not
plotted for the 4. 25 region for June 17th with the results in Table
VI. These can be compared to the actual data plot of Figure 4.

As in Table IV for 0-16 microns, the values are all on the plus side
with a mean” of approximately plus 38 percent.

it appears that a proportionality exists which may be simple

‘to compute and accurate enough for many engineering problems.

In a cloudless 2nd clear sky, the radiance levels near the sun have




=

a much steeper gradient than in a hazy sky where the increased
scattering would tend to broaden the gradient. For the same rsasons,
the apparent ernissivity of the atmesphere would iend to flatten as
the air becar;ae filled with more scattering particles.

If £(9 i'r written

z+sme\"ﬁ (4)

L

and plotted, as in Figure 31, for different values of g, the form is
similar to that given by the expression for the emissivity of the aky( 19}
when B8 > 1. As B increases, the resultant curve approxirnates
erisaion curves for the sky as the sky becomes more blue with
less scattering in the near infrared as a result.

In the same way, f(¢) can be written

2
1 -sint/® (5)

with the resuit that, as ¢ increases, the steepness of the gradient
increases about ¢ = 0°, as shown in Figure 32. B and @, therefore
can be taken as "indicators'' of the condition of the sky, becoming
larger as the sky becomes clearer with less scatter. When ther=z
are clouds present in the sky, polar diagrams would, in certain
wavelength regions more than others, produce higher values than
the blue sky, and produce data that was very erratic in form be-
cause it would represent a large amount of detail. Under the uver-
cast conditions at Key West, plots of energy levels with respect to
O but at constant azimuth show a convex appearance that is no

doubt due tc heating of the cloud cover or a gradient in air tempera-
ture with altitude. If this is a gener~l condition for certain types

of sky, then fractional values of £ will approxirnate the condition
a; seen in Figure 31, The detail of the cloud structure would disap-

pear, but an average value would result.
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No doubt if o and B were to be evaluated, it would be seen
that they are really compiex functions., Certainly they are 2 fanc-
tion of wavelength, and measu~ements on biue vky would determine
values for epecific wavelength regions. All cf the computations
given here were for g = 1.5 and @ = 1.4, or approximately equal.
It may be that one index cf the sky ie all that is nzcessary to give
& good approximation. Measurements of o and £ would also pro-
duce the proper values for Ns which would be more compatible
with expected values, especially in a clear sky.

The computations were not very difficuit. The only one which
appears troublesome is the determination of ¢. This is a function
of the elevation and azimuth of the sun, and the elevation and azi-

muth of the observed point, and is expressed as foilows:
cos ¢ = sin w 8in O+ cos w cos 9cos p (6)

where

p = the difference in azimuth of sun and observed pcint

w

sun elevation

© = observed point elevation
Most values of ¢ used in the computations were read by using
dividers on a ball having latitude and longitude lines every 10 de-
grees. The dividers measure the chord distance between two
points and this is used on any longitude (great circle) line to read
degrees. ¢ has been read to one degree accuracy in this fashion
on a 9-inch diameter ball which is accurate enough for ¢ greater
than 30°. When ¢ is smaller, or changes slowly, as in the case
for target azimuth planes at small angies to the sun azimuth plane,
¢ must be computed with equation {(6). The values for the sinee of
S and ¢ in equation (3) were to 3 decimals and the calculations were

performed on a slide rule,
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ESTIMATED EARTH AND SKY BACKGROUND

NOISE INTERFERENCE IN
INFRARED DEVICES

INTRODUCTION

Backgrounds are a complex structure which reflect, scatter,
and absorb incident electromagnetic radiant energy and, further,
reemit some of this radiant energy due to their own thermal agita-
tion and chemical composition. This gaseous composaition of the
atmosphere varies further with time, altitude and location on the
earth. However, if one disregards the scirce from which the elec-
tromagnetic energy may have arisen and the corresponding operations
through which it may have been subjected, some meaningful char-
acteristics of backgrounds may be noted based upon strictly empirical
observations. The background is there and possesses certain dis-
tinguishable features characterizedby the spatial structure and
spectral distribution of the radiation. Some of these salient char -

acteristics are briefly noted below in Radiometric Observations.

In order to more fully and conveniently apply empirical gra-
dient data regarding the background, it has proven useful to develop
a hypothetical one dimensional model of background interference

described below in One Dimensional Background Noise Spectra.

This model has proven especially valuable in indicating expected
interference distribution in regions of the spectral or spatial dis-
tribution where measurements have not as yet been made in great
detail --for example, at high space frequencies. This heuristic

model is developed below and indicates, for example, the impor-

"tance of contrast in determining background interference, and

further, indicates the expected space frequency accelerated drop
off at high frequencies, and the expected levelling off at low épace
frequencies (it cannot continue to be 1,/f2 to zero space frequency).
This spatial structure of the power density function will also be

shown to vary with altitude or distance to interfering backgrounds
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(clouds) so that satellites viewing the earth will presumably see a
different spatial structure than we are accustomed to, i. e. scaled
down but with identical contrasts. This expecied variation in
structure with angle and aititude is described below and will be
corroborated in the near future by a detailed examination and corre-
lation of TIRQS satellite pictures of the earth within the limits of
the resolving power of that instrument.

The one dimensional Wiener spectrum of background noise
has only limited usefulness in the calculation of nocise interference
levels when used with two dimensional field stops and reticles.
Unfortunately, most background gradient structure is obtaired in
this manner today despite methods proposed by R. Clark Jones
several years ago to obtain the two dimensional spectra directly. (24)
A method of reducing the one dimensional data to a two dimensional

Wiener spect-a is described in Two Dim - "cnal Backgrouni Noise

Spectra.

Finally, one may apply directly the two ¢ . yilTadi nolse
spectra against the field stop and reticle to obtain . estimate of
expected background interierence. @3) This method is illustrateg

briefly in the section on Reticle-Aperture Space Filtering.

RADIOMETRIC OBSERVATIONS

Figure 33 illustrates some typical ambient radiometric meas-
ures of background intensity as a function of wavelength. Back-
ground interference existing primarily in wavelengths shorter than
3p occur as a result of diffusely reflected and scattered sunlight.
Atmospheric absorption bands due to CI()2 and HZO are evident.
Re-emission of solar energy in the absorption bands occure at much
lower temperatures than the apparent 5900°K sun and does not fill
the absorption band corresponding to the decrease in solar intensity.

In the thermal emission band, beyond 4u, the average spectral
distribution follows that of an apparent 300°K blackbody. In this

spectral band, atmospheric absorption and re-radiation occur at
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closely the same apparent temperature and a corresponding smooth
emission curve resulte. Beyond 8u, however, littie atmospheric
emission occurs because the longer wavelengtn involved is ° ifi-
cantly larger than the air molecules themselves (little atmosgpaceric
scattering is experienced at these longer wavelengths). Thus, only
emission from clouds beyond 8u permits a 300°K blackbody approsxi-
mation of background interference when looking up. When looking
down at the earth between 8-13p there would presumably be less
contrast.

It will be developed shortly, that absolute background contrasts
are the greatest single factor in developing interference levels in
various spectral regions. We are familiar with the existence of
relative contrasts in the visible spectrum and the enhancement of
these contrasts {(at least for clouds) by the use of near infrared
film ned% 1u. Actual contrast measurements between clouds and
sky are shown to some extent in Figure 33. These contrasts are
moderate towards the blue end of the visible spectrum, and then
increase to ratios of 10, or :{C0, or a 1000 to 1 in the 1 - 3u band.

It is these large contrasts that make daylight background interierence
in the 1 - 3y band such a formidable problem. Contrasts in the
longer wavelenyth regions between 3. 5u and 8y are small - an ideal
region for obtaining minimum background interference. From 8 - 13u
large contrasts exist again between cloud and clear sky indicating

another regicn of large background interference.

ONE DIMENSIONAT. BACKGROUND
NOISE SPECTRA

The varviations in intensity or detail of light distribution which
arise foom the background in space, has been described by R. Clark
Jones as space power - or Wiener - spectra with ordinates of normal-
ized space frequency. This method of describing actual backgrounds
hag been used with success in gradient meter measurements similar
to the one conducted by the The Ramo-Wooldridge Corporation under
Contract AF 19(604) 3473 from AFCRC and earlier under contract
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AF 33(600) 30489.‘3'4) These spectra describe the background as
varying approximately irversely to some power of the space fre-
quency - at ieast at tre higher space frequencies that have been
measured. But this m=thod of measuremen: gives cnly a partial
description of the backg=ound since all phase information is lost;
i.e., an inver.pe space frequency spectra itself may arise trom
different backgrounc configuracicns. F.rthermore, as a practical
matter, il it is desirable to distinguish or highlight a particular
s.ze or shape object against the background, it may require differ-
ent optimurn filtering techniques - such as a discrete or non-linear
space f{ilter. (26)

The use of unrestricted therrctical models, nowcver, may
suggest alternate study, measurement or testing methods. For
example, the model presented describes the nature of the rransition
from the ambient intersity level to the lowest space frequency
spectra whicu can practically be measured. The model also per-
mits an estimate of higher probability distribution of the background
and permits alternate improved filtering techriques. Finally, the
use of a theoretical modei may permit a systematic method of
normalizing or ¢.andariizing background space filtering techniques
and their meti.ods of tesnt.

It will be arsvmed in the discussion which follows that. by
and large, the greatest single source of background noise occurs
from cloud structure - either against the sky when looking up -
or against the earth when looking down. A Poisson distribution of
cloud sizes will be assumed with a 50 percent probability of cloud
cccurrewmice at any point around the world. 7This assumption com-
pares with an actual average 52 percent cloud cover around the
world, according to C. E. P. Brooks.( &l

A series of pulses of random spacing and random width are
used, all with a constant amplitude or height. These pulees then
represent clouds against a biuz sky (or earth) when scanned with
an infinitesimally sirall Jield of view in one dimension. Only two
aruplitude levels are ascumed to exist. The high level represents

reflected sunlight (or ambient temperature of the cloud) and the
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lower level repregents scattered sunlight or earth {or apparent
ambient temperature of the blue sky). The distribution of pulse
lengths ;r cloud widtks P{d; is assumed to be a Poisson distribution
peaking at lengths <t 4 nauvticzl miles, shown in Figure34 and
decreasing in probalbility in either direction of length or width
from: thie value. The use of a particular probability of pulee dura-
tion, allows uz to de-ive spectra for satellites since the cloud
angular subtense will be proportionally reduced with altitude. A
more exact distribution of cloud lengths will be determined in the
near futvre; hopefully at Ramo-Wooldridge, with a detailed exami-
naticn and compilation of TIROS pictures.

Most modern probability and statistic textbooks describe the
mathematical velations and functions necessary to define the spec-
trum of a random or stochastic process. The results of these
derivations only are presented in this section for the example chosen
to represent the background.

The model selected to describe the background is illustrated
below. The length of pulse or spacing is distributed in space x
according to a probability function P(a), with a height of magnitude
either +1 or -1. In practice, the difference between the two levels
represents contrast. The resulting spectra may be multiplied by
the contrast intensity in any spectral region as a {irst approximation

to the gradient background interference.

}o—ai -t a,—st« as fo—ay —
+{ —— r-———l
° i
-t - — e =]
Xy X, Xq Xy
Figure 35
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The model at this timr.e neglects the ambient or dc level of
the intensity which is always some value greater than zero. How-
ever, the average level may be readily added - ard this wiil be
done later - by emiploying the superposition concept to take care
of the ambient level. The resulting ambient term will always
appear as a 6 function at the origin with an integral equal to the
ambient level.

If the functions §(f) and Wi) are defined as foliows:

0o -j 2nf_a
oo +iun, = [ P@ed hRa@ )
- ' (e}

then the normalized power spectr:l distribution is given by H. M.
Foley in ""An Investigation in the General Theory of Pressure
Broadening and an Experimental Study of Pressure Effects in the
14p Band of Hydrogen Cyanide.'" PhD Thesie, University of
Michigan, 1942.

2 1.¢% .o

S(f) = (2}

R a(E)” (14047
where the average length of pulse a is
_ oo
ar=s f a P(a)d{a) 7 (3)

°
The space frequency ordinate againct which the power spectra
will be plotted is fx.

If the cloud length is some arbitrary amcunt, then the angular
subtense as observed from afar is inversely proporticnal to the
distance from that cloud. For convenience, it is8 assumed that ail
clouds are grouped at 30,000 feet. The average angular subtense
is, therefore, 4,;’r where r is the slant range in nautical miles from
th: observing statior to the clouds. The probability of a particular

pulse length a ie then

P(a) = (r/4)%ae 2" /4 (4)
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Solving for ¢(f) and Hf) by substituting Equativa (4} in

Equation (1), we have

~ w2

2
90+ jw i - L s
(/4 + j w)

and the resulting power spectrum irom KEquation {2} is

wz + rZ/8

S(£,) = ¥(g——rz (6)
x @ +7T o4
since a= 8/x.
Thkis power spectrum ic plotied in Figure 36 and shows a
power spectrum ''brezk pomnt'' which varies with range or distance

to the cleuds. Tae dc or ambient radiometer results in a delta

function ai the origin. The ambient intensity remains invariant

with altitude, or aspect, or space frequency bandwidth of field of
view.

1t is helpful t» compare the ai;ove miodel witk some actual
sky or backgrecund observations »nd measurements. Several aspects
will be concidered; (1), the relation of thie average or ambient level
with respect tu the contrasy in ivtensity for clouds and sky back-
ground i1 the near ani middls infrared;'(Z),the space frequency
from which one can agsume tha! the i/fd wower spectrum intensity
dependencc holcs; and (3).the efieni of th: shiarpness of the step
changes of intensity on the powe. spectrum.

In the n~oar indrared ths variatic . in intensity between a white
cloud and adjacent blue skv is very pronounced. There is a change
of an order of magnitud.: of 1% to 1000 times the intensity level.

This sharpc-ing of contrast in the near infrared has been frequently
meaegured and is borne cut by simple ohservations of heightened
cioud cuntrart in photographs taken in the near infrared. The varia-
tion of intensity in the imatneraatical miodel must therefore be as-
sumed tc be of the samic order of magnitude as the existing ambient

level determined from the solar constant and albedo of the Earth.
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In the mi-ile infrared from 3.5 - 8p where the background
energy primarily arises from the thermal emission of clyuds or
background, however, the contrast is ..ot as pronounced. For
example, the apparent change in radiation {rom th= tlue sky to a
cloud is of the order of 20 percent greater than the blue sixy thermal
radiation. The ratio of the intensity level change for the variation
from the mean level between cloud to sky is therefore of the order
of 1/10 times the average or ambient level. In the 8 - 13p band,
the contra s are larger than the 4 - 5u band. but not as great as
the 1.3 - 2. Tu band. Contrast levels equal to 50 percent of the
ambient may be assumed in this band. The predicted background
intensity in the thermal emission band beyond 3p therefore is simply
taken as the product of the proper curve of Figure 36 times one-
half the contrast level or 0. 1 and the total 300°K blackbody radiation
within 2 particular spectré.l band. The procedure for estimating
background interference in the shorter wavelengths during daylight
illumination is similax, but the contrast levels are assumed to be

5ofa

100 percznt, or 0. 50 for i1/2 the con.rast level, and 5 x 10"
5900°K blackbody is used for solar illumin.tion.

Figyures 37and 38 illustrate examples of the predicted one
dimenrsional background interference as well as actual gradient
:neasurements obtained inthe field. Reasonableagrecmentin inter-
ference levels is evident.

The step charge in intensity assumed in the caiculaticns
morcover, is not realized in pract:ce - especially in *he thermal
emission band. This fuvzziness of the edges of clouds (or edge
soltening) will further attenuate the higher .;:pace frequesrcies. For
example, if a 30 foot distance at the edge of the cloud is 1equired
to go from one extreme intensity peak to 63 percent of the value of
the cpposite peak, then an additional break point in the power
spectrug N(fx) will occur beyond which the attenuation is 1/1';.

This cloud edge transient .nay commonly occur in the nea. infrared.
In the thermal band, however, the traunsieat length is probably longer

to obtain 63 percent of the peak change from onc level to another which
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will thereoby shift the second break point to an even lower space
frequency. There has besn, hcwever, insufficient data accumulated
to date io conclusively verity this increased attenuation; but it is
strongly indicated ir the mea ired data at high <pace frequencies.
A clear indication of any such irend will be obtained when back-
ground data is obtained for spacz frequencies substantially greater

than those being measured today.

TWO DIMENSIONSAL BACKGROUND
NOISE SPECTRA
The background noise hac been considered oniy-for a one
dimensional power spectrum, N(fx). The conversion from one
dimension to a two dimensicanal noise spectrum is considered here
as well as methods for measuring the two dimensional spectra
- (2 .2
directly, N{\f +f
&
An aperture with sidesAx and Ay has a two dimensional filter

function r(fx fy') defined by

ein nf Ax sinnwf Ay
rlt £)= = : J
(x y Tl‘fx AXx nfy Ay

If Ax and Ay are approximately equal to each other, one
obtains the one dimensional noise spectra considered ezrlier after
compensation for the aperture in the scan direction. This correc-
tion factor is the reciprocal of the apexture function in the scau
direction (if the filter function.in the normal dizzction to scan is
invariant) i. 2., for scans in x direction with a squar= field at

space frecuency fx.
niy AX

Aperture Correction =
Bin T fx Ax

This aperture when convolved with the background noise,
however, is then represented as the noise existing at a particuiar
srace frequency fx. Actually, the background noise is for a con-

stant fy but includes a8 wide space frequency bandwidtiu in the normal

P~
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or f direction, most of which exists at distances substantially
greater than fx from the origin where relatively little background
occurs. Atwodimensional spectra derived from a one dimensional
scan ws5cumes an isotropic behavior, i e., that the background
noise level is only 2 function of \ ST fyz. To correct the one
dimensional noise spectra for two dimensions, one must then divide
the resulting output by the effective bandwidth in the notrmal direc-
tion to the scan.

If the effective bandwidth is considered 1o lie between the 1/2
power points, ther in the prasence of background noise varying
inversely with space frequency, the effective bandwidth A y at a
one dimensional space frequency £ is Ay = 1/fo.

At the low space frequency end, however, the background
noise spectra is constant or ''white. ' In this region, the effective
bandwidth A y will be coastant and approximately equal to 1/24—2_l fo
wherc the break point fb is the space frequency at which the transi-
tion between white and inverse space frequency devendence occurs.
The resulting two dimensional noise spectra_ is illustrated in
Figure 39,

The two dirmensional characteristic noise spectra of back-
ground may be derived directly with a slit scan if the effective
space frequency bandwidth normal to the scan direction is small in
conipari¥on with the space frequency in the scan direction. This
w#s discussed by R. Clark Jones in 195 5(24) for regions of space
frequency fx which are significantly higher than 1/2 Ay. In such
circumstances, the effective bandwidth A y in the direction normal
to the scan direction is a constant and the resulting two dimensional
noise spectra may be represented as occuring at space frequencies
eqial te -, i.e., l \fo' + fy" [~ Ifx l.
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RETICLE - APERTURY SPACE
FILTERING

There are two convenient and alternative metheds of analysis
which permit a study of the space discriminating ability of optical
systems --space and space frequency. The detail of light distribu-
tion across the object or image, whether from the backgrcund or
target, can be expresse. mathematically as a function of its inten-
sity and the linear position in that plane, such as x and y. It may
also be expressed mathematically as a function of inverse gpace
or 1/x and 1/y, in which case it is analogous to frequency in the
true sense, and is called space frequency fx and £ . These equiva-
lent descripti~ns of a function are analogous to the study of electri-
cal networks in either the time domain (impulse and correlation
funcfion), or freque;vxcy domains {frequency response and transform
analyses). The ﬁppropriate mathematical relations invoived in
space filtering are described more fully below.

In the general case, an object has a particular location in
spacc and time, and also has particular reflection or emission
characteristics for electremagnetic energy. The electromagnetic
energy is, for all intents and purposes, incoherent in the visible
and infrared spectrums and thus only the intensity is of il;lterest.
The optical imaging system is further assumed to be linear (dis-
placements from center of field and intensities are proportional in
object-image), as is the transmission factor of the rptical elements:
i. e., they ire isoplanatic.

The total optical processing from the object plane to the cell
is illustrated in Figure 40. A lens or mirro.r forins a two-
dimensional imagz, which, grossly speaking, is linearly related to
the object. The blur circie or aberration in the image plane is
defined by the light distribution which arises from a point source
and is agalogous to the impulse response in electrical networks.
The image »f an extended object, however, is formed by the summa-
tion of many blur circles arising from the rany point sources in the

object. This resulting additiorn to describe a fuiuction in a linear
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system is known as the superposition integral and is conveniently
dealt with mathematically by use of the Fourier transforms. There-
fore, the cbject can be expressed in terms of its two-dimensional
space frequency content, the lens or mirror has a space frequency
transier cMrécter-istic (the transform of the blur circie) or '‘pass-
band" which is an ability to translate this object detail into image
detail, and the resulting image has a quality or space frequency
content which is simply the product of the object function and lens
function. This dependence on the object-image function has been
described by Duffieux, 20 Blias, (¢ and others.

In real space the reticle and field stop combination multiply
their transmission function by that of the image. The field lens
subsequently integrates the total light intensity which passes thrcugh
the reticle by imaging the primary collector. The reticle function
itself, however, must be separated into its time and space variables
if it ie simultaneously chopping and scanning. The resulting inte-
grated space frequency multiplication results in a real convolution
which is modulated at a time frequency depending on the separated
time variable in the reticle function.

Mathematically, the output of o cell or detector c(x, y, t)
is desired as a function of: (1) the object intensity distribution
corresponding to the background or target, o({, n); (2) the trans-
mission factcr of the opti¢s, §(x, y), which corresponds to the
"spread func.ion' or the blur circle pattern of a point object as
seen on the irhage plane; and (3) the reticle function, r(x, y, t),
which may be simultaneously scanning and chopping the image.

The spread function, s(x, y), is the light intensity distribution
of a point object in the image plane. An extended, incoherently
illuminated object, o({,n), has a resulting image, i(x, y), composed
of the jutegral of many poiht sources in the object modified by the

transmission function. If urit magnification is assumed, then

i(x, y) kﬁﬂ s8(x - L, y -n) oL, n) d¢ dn (1)
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The light distribution immediately behind the reticle is the
real space multiplication of the reticle and image. The field lens,
however: integrates this total light intensity distribution upon =
cell or detector. Furthermore, relative motion of the reticle in
space imparts a r. 1 space convolution to the two space functions
whern combined with the integrating effect on the cell-condenser
combirition. The reticle function itself is separated into orthog-
onal time and space variables in a manner analogous to traveling
wave theory. (29) The total light intensity falling on the cell is the
product of each individual differential area summed or integrated
over the various reticle displacements x', y'. and modulated at

the time frequency of the reticle.

0o
clx, y. t) =r, (t) ﬁ ry(x's y')ifx -x, y-y)dx'dy' = () cxiy) (2)

=00

The functicnal relationships in Equations (1) and (2) may also
be related to each other in space frequency terms by employi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>